BALB/cByJ mice are 14 times more resistant to urethaneinduction of pulmonary adenomas than the susceptible A/ J strain. Our previous linkage analysis of (A/J x BALB/ cByJ)F 1 x A/J backcross mice provided statistical evidence that a major resistance locus of BALB/cByJ with a dominant eect, designated Par2 (Pulmonary adenoma resistance 2), exists within an approximately 25 cM section of distal chromosome 18. To facilitate molecular identi®cation of the Par2 locus, the present study was conducted to ®nely localize its chromosomal position utilizing Par2-congenic mice. Male BALB/cByJ mice were mated with female C57BL/6J mice carrying recessive Par2 alleles and their male F 1 progeny were backcrossed to female BALB/cByJ mice. A male backcross mouse heterozygous within the Par2 interval of 25 cM was randomly selected and again backcrossed to female BALB/cByJ mice. This backcross-selection cycle was simply repeated to produce semi-congenic mice with a general BALB/cByJ genetic background except for the Par2 interval, where the mice were heterozygous with paternal C57BL/6J alleles and maternal BALB/cByJ alleles. After the 6th or 7th backcross, nine male mice possessing a recombination within the paternal Par2 interval were retained and crossed to female A/J mice. Resultant progeny were treated with urethane and examined for lung tumor development in order to deduce the Par2 genotypes of the recombinants through linkage analysis. By comparing the deduced Par2 genotype of each recombinant with its recombinational breakpoint, the Par2 locus was con®ned to an approximately 0.5 cM region¯anked by D18Mit103 and D18Mit188 loci. Our results indicate that fully congenic mice conventionally established by at least nine simple backcrosses or by the speed congenic method are not necessarily required for ®ne mapping of quantitative trait loci. In the case of the Par2 locus, we found that semi-congenic mice after as few as four simple backcrosses were useful for this purpose. The map information obtained in this study should enable subsequent positional cloning of the Par2 gene. Oncogene (2001) 20, 3979 ± 3985.
Introduction
In terms of mean multiplicity of lung tumors, mostly adenomas, induced by urethane, laboratory mouse strains have been categorized into sensitive, intermediate and resistant groups (Malkinson and Beer, 1983) . The A/J mouse strain belongs to the sensitive group with at least 20 times higher susceptibility than resistant strains like C57BL/6J (C57BL) and C3H/ HeJ (C3H). The dierence is largely determined by the Pulmonary adenoma susceptibility 1 (Pas1) locus on chromosome 6, the sensitive A/J allele of which is phenotypically dominant in F 1 progeny of A/J and C3H or C57BL (Malkinson et al., 1985; Gariboldi et al., 1993; Devereux et al., 1994; Festing et al., 1994) .
The BALB/cByJ (BALB) strain is 14 times less susceptible than the A/J strain to lung tumorigenesis and is thus regarded as a member of the intermediate group (Malkinson and Beer, 1983) . In (A/J x BALB)F 1 mice, the relatively resistant BALB phenotype, unlike the full resistance of C3H and C57BL, is dominant over the high sensitivity of A/J, indicating the existence of a dominant lung tumor resistance gene(s) that can partially suppress expression of the A/J phenotype (Malkinson and Beer, 1983) . In fact, we identi®ed a single major resistance locus on chromosome 18 of BALB mice, designated Pulmonary adenoma resistance 2 (Par2), by analysing (A/J x BALB)F 1 x A/J backcross animals (Obata et al., 1996) . A single BALB Par2 allele was found to reduce mean tumor multiplicity by about 50%. Subsequently, the phenotypic eect of BALB Par2 on chromosome 18 was con®rmed by other laboratories (Manenti et al., 1997; Festing et al., 1998; Zhang et al., 2000) .
It is, however, still unclear why BALB mice carrying the Par2 gene are signi®cantly more sensitive to urethane-induced lung carcinogenesis than C3H and C57BL mice that have no dominant lung tumor resistance genes. By analysing (C3H x BALB)F 1 x C3H backcross mice, we elucidated that BALB mice carry the A/J allele of Pas1 on chromosome 6, whose phenotypic expression is partly suppressed by the dominantly resistant Par2 locus on chromosome 18, resulting in their overall intermediate phenotype (Karasaki et al., 1997) .
In order to clarify the molecular mechanism of tumor resistance caused by the Par2, it is essential to positionally clone the Par2 gene. Our previous linkage analysis provided statistical evidence that Par2 should lie between the¯anking microsatellite market loci, D18Mit123 and D18Mit144 (Obata et al., 1996) . This interval is approximately 25 cM in length, which is close to the theoretical minimum limit for statistical prediction made by linkage analysis of simple backcrosses or intercrosses because the Par2 phenotype is quantitative in nature and minor polygenes other than the Par2 also contribute to the tumor resistance of BALB (Lander and Botstein, 1989) .
Without con®ning the map position at a resolution less than a few cM, positional cloning of the Par2 is not feasible. A basic strategy to ®nely map a quantitative trait locus like Par2 has been proposed by Jacob et al. (1991) , involving establishment of congenic strains diering only in the region of the quatitative trait locus by genetically transferring a small region containing the locus allele from strain X into strain Y through successive backcrosses. Production of such congenic strains confers two substantial bene®ts. First, since phenotypic distinction between such a congenic strain and strain Y is determined by the single quantitative trait locus, the problem of polygenic control can be overcome. Second, for ®ne mapping of the quantitative trait locus, a backcross to create animals recombinant within the transferred locus region can be set up. The quantitative trait locus genotype of each recombinant can be ascertained by testing its progeny, while the recombination breakpoints can be precisely identi®ed using a denser map of genetic markers, enabling ®ne mapping.
In this study, to further localize the Par2 gene, we utilized semi-congenic mice virtually identical to BALB except for replacement of the Par2 interval with the corresponding chromosomal segment of the C57BL mouse, which carries ineective Par2 alleles. The Par2 gene was successfully mapped within a 0.5 cM chromosomal interval¯anked by D18Mit103 and D18Mit188 microsatellites. It was demonstrated that, for ®ne mapping purposes, semi-congenic mice produced by as few as four simple backcrosses may be practically useful.
Results
Reconfirmation of the map position and phenotypic effect of Par2 utilizing a male N 5 mouse
To obtain Par2-congenic mice, one male (C57BL x BALB)F 1 animal was backcrossed to female BALB mice to produce N 2 mice. Male N 2 mice were screened for genotypes at the D18Mit123 and D18Mit144 microsatellite loci¯anking the approximately 25 cM interval of the Par2, and also at the D18Mit9 and D18Mit188 loci located within the interval. One male N 2 mouse heterozygous at all the four loci was randomly selected and again backcrossed to female BALB mice to produce N 3 animals. This backcross-selection cycle was simply repeated.
N 5 progeny after the fourth backcross would be expected to be homozygous already at 94% of loci not linked to Par2. To recon®rm the map position and phenotypic eects of Par2, an N 5 male, namely N 5 A1, heterozygous within the Par2 interval was mated with female A/J mice to produce (A/J x N 5 A1)F 1 mice, which were treated with urethane and examined for lung tumor development. When 24 males and 27 females were grouped by genotype at the D18Mit188 locus linked to the Par2, the tumor resistant phenotype of the BALB Par2 allele relative to the C57BL allele was clearly demonstrated in both sexes (Figure 1 ). The male F 1 mice with the A/C57BL genotype (`A'; for A/J allele) at the D18Mit188 had a mean tumor multiplicity of 15.9+1.2 (mean+s.e.), while those with the A/BALB genotype had a mean multiplicity of 5.5+0.4. This dierence was highly signi®cant (P=8.0610
77
). Similarly, the female F 1 mice of A/C57BL and A/BALB genotype had mean tumor multiplicities of 9.8+0.8 and 4.8+0.6, respectively. The dierence was again highly signi®cant (P=2.9610
75
). Thus, a single BALB Par2 allele reduced the mean tumor multiplicity by 65% in males and 51% in females. This con®rmed the map position and phenotypic eects of the BALB and C57BL Par2 alleles, although Par2 showed some sexual dierence in its eect. Also, it is noteworthy that semi-congenic mice at the N 5 generation already gave sucient statistical power to demonstrate signi®cant phenotypic eects of Par2 with less than 30 F 1 mice produced by mating with A/J mice.
We retrospectively genotyped the N 5 A1 mouse with 62 microsatellite markers spanning all the autosomes except chromosome 18. Only four markers on chromosomes 2 (D2Mit304 and 343), 8 (D8Mit121) and 15 (D15Mit179) showed heterozygosity. Genotyping of (A/J x N 5 A1)F 1 mice for these marker loci indicated no signi®cant lung tumor susceptibility genes to be linked (data not shown). In addition, the N 5 A1 was shown to be homozygous for the BALB allele at the Kras2 locus on chromosome 6, which is tightly linked to the major lung tumor susceptibility locus, Pas1 (Gariboldi et al., 1993; Devereux et al., 1994; Festing et al., 1994) .
Fine chromosomal mapping of the Par2
From a total of 52 N 7 or N 8 males, nine animals, i.e. R 7 A1, R 7 A4, R 7 A9, R 7 B3, R 7 B6, R 7 B7, R 7 B10, R 8 A3 and R 8 B5, each carrying a recombination between the paternal D18Mit123 and D18Mit144 loci were selected. Their recombination positions are shown in Figure 2 . On average, N 7 or N 8 animals are expected to be homozygous for BALB alleles respectively at 98.4 or 99.2% of all loci except those on chromosome 18. The recombinants were mated with female A/J mice. Resultant (A/J x recombinant)F 1 mice, 21 ± 26 males for each recombinant, were treated with urethane. Only male mice were used, because the observed Par2 eect was more clearly demonstrated in males than in females with (A/J x N 5 A1)F 1 mice. Genotyping was initially performed at the D18Mit188 locus for progeny of R 7 A4, R 8 A3, R 7 B10 and R 7 A1, at the D18Mit9 locus for those of R 7 B7 and R 7 B3 and at the D18Mit144 locus for those of R 7 A9, R 7 B6 and R 8 B5, depending on their positions of chromosomal breakpoints ( Figure 2 ). Possible genotypes at the marker locus for progeny from a recombinant were A/BALB and A/C57BL. If progeny with the former genotype had a signi®cantly lower mean tumor multiplicity than that of progeny with the latter genotype, the Par2 genotype of their recombinant father was concluded to be BALB/C57BL because of segregation of the dierent Par2 eects as observed in (A/J x N 5 A1)F 1 mice. The results are shown in Table 1 . Signi®cant P values were obtained for the analysis of progeny from R 7 A1, R 7 A4, R 7 B7, R 7 B10 and R 8 A3, indicating the Par2 genotype of these recombinants to be BALB/ C57BL (Table 1) . In these cases, the BALB Par2 constantly reduced mean tumor multiplicity by around 50% relative to the C57BL Par2 allele, implying that only a single major locus signi®cantly in¯uencing the tumor susceptibility exists within the chromosomal interval. On the other hand, P values for the analysis of progeny from R 7 A9, R 7 B3, R 7 B6 and R 8 B5 were insigni®cant (Table 1) . Thus, their Par2 genotypes were not statistically determinable, although consistent with BALB/BALB. On the basis of the fact that R 7 A1, R 7 A4, R 7 B7, R 7 B10 and R 8 A3 were heterozygous for the Par2 locus, it is clear from Figure 2 that the minimal chromosomal segment containing the locus can be con®ned to a heterozygous region shared by R 7 B7 and R 7 B10, which lies between D18Mit33 and D18Mit188. Therefore, these two recombinants were genotyped in more detail with 15 known microsatellite markers tightly linked to D18Mit33 or D18Mit188 (The Mouse Genome Database (MGD), the Jackson Laboratory (URL: http:// www.informatics.jax.org/)) shown in Figure 3 . Only two reported microsatellites, D18Mit141 and D18Mit186, were found to be recombinationally inseparable from the Par2 locus (Figure 3) . Thus, for progeny from R 7 A1, R 7 A4, R 7 B7, R 7 B10 and R 8 A3, genotyping was also performed at the D18Mit141 and D18Mit186 loci. Linkage analysis at this locus resulted in a better P value for R 7 B7 (Table 1) , consistent with the fact that the D18Mit141 and D18Mit186 loci are more tightly linked to the Par2 locus than the D18Mit9 locus used for the initial linkage analysis.
On the other hand, according to the information that the Par2 lies between D18Mit33 and D18Mit188, the Par2 genotypes of R 7 A9, R 7 B3, R 7 B6 and R 8 B5 recombinants were con®rmed to be BALB/BALB (Figure 2 ).
Determination of physical order of microsatellites tightly linked to the Par2
To further specify the two microsatellites¯anking the Par2 locus, we determined the physical order of seven informative microsatellites considered to be most Figure 2 Genotypes of the recombinants used for the ®ne mapping study at seven microsatellite loci, spread over the Par2 interval about 25 cM in length. Only those of paternal alleles are shown. Maternal alleles are all BALB. The four microsatellites in bold were used for selection of Par2-heterozygotes after each backcross for production of the semi-congenic mice. For each recombinant, initial genotyping for the linkage analysis of (A/J x recombinant)F 1 mice was performed with a microsatellite locus indicated by an arrow head. Genotype of the paternal Par2 allele of each recombinant disclosed by the linkage analysis (Table 1) is also shown on the left. The chromosomal position of the Par2 interval determined by our previous study (Obata et al., 1996) is illustrated at the bottom, with reference to the linkage map of microsatellites provided by the Mouse Genome Database (MGD), the Jackson Laboratory tightly linked to the Par2, i.e. D18Mit8, 33, 103, 141, 186, 188 and 211 (Figure 3) . For this purpose, we genotyped males and females of (A/J x N 5 A1)F 1 , (A/J x R 7 A1)F 1 , (A/J x R 7 A4)F 1 and (A/J x R 8 A3)F 1 , whose fathers were heterozygous at all the seven microsatellites. Out of 197 animals in total, eight were found to have a recombination within the region covered by the seven microsatellites (approximately 4 or 3 cM in length according to our crosses or the Mouse Genome Database (MGD), the Jackson Laboratory, respectively). The physical order of the loci determined by the information of recombinational breakpoints of the eight animals together with R 7 B7 and R 7 B10 is shown in Figure 4 . The closest proximal and distal microsatellites¯anking the Par2 were elucidated to be D18Mit103 and D18Mit188, respectively. In our crosses, only one out of the 197 mice was found to recombine between these two¯anking loci ( Figure 4) . Thus, the minimal region of Par2 is estimated to be 0.5 cM in length (95% con®dential range=0.01372.8 cM).
Discussion
In this study, to ®nely localize the Par2 locus, we basically followed the method proposed by Jacob et al. (1991) which utilizes congenic animals. The Par2 was mapped within an approximately 0.5 cM region (95% con®dential range=0.01372.8 cM) of chromosome 18 anked by the D18Mit103 and D18Mit188 microsatellite loci. Interestingly, the Dcc (Deleted in colorectal carcimoma) tumor suppressor gene has also been mapped within this region (The Mouse Genome Database (MGD), the Jackson Laboratory). Thus, the Dcc remains as a candidate for Par2, although we previously demonstrated by loss of heterozygosity analysis that the Dcc locus may not be involved in mouse lung tumorigenesis as a tumor suppressor gene (Obata et al., 1996) . There are two previous reports on restriction fragment length polymorphism of the mouse Dcc gene: alleles of C57BL and Mus spretus (Justice et al., 1992) and those of BALB/c and STS/A (Moen et al., 1992) can be distinguished. We are currently searching for such polymorphism between BALB and C57BL alleles of the Dcc gene, in order to determine whether it can be excluded as a candidate by genotyping R 7 B7 and R 7 B10 recombinants. However, we have found no evidence of polymorphism as yet. At present, we can not propose other prominent candidate genes already mapped within the 0.5 cM region. However, based on information on their chromosomal breakpoints (see Figure 2) , the genotypes were con®rmed to be BALB/BALB Figure 3 Genotypes of the recombinants, R 7 B7 and R 7 B10, for 15 microsatellites tightly linked to the Par2 on chromosome 18. The chromosomal positions of the microsatellites were provided by the Mouse Genome Database (MGD), the Jackson Laboratory. The Par2 genotypes of these two recombinants were BALB/ C57BL (Table 1) . Thus, only two microsatellites, D18Mit141 and D18Mit186, were recombinationally inseparable from the Par2 locus Congenic mice are usually regarded as established at the N 10 stage. The process of backcrossing for this takes about 2 years. The speed congenic method can halve the time required (Lande and Thompson, 1989; Hospital et al., 1992) , but with it comes the extra loads of genome-wide genotyping of backcross progeny to select animals with fortuitously high rates of homozygosity. Our present results indicate that, even without using the speed congenic method, as few as four simple backcrosses are sucient for the purpose of ®ne mapping Par2. For progeny testing, less than 30 mice were required to determine the Par2 genotype of recombinants. In the case of Par2, a single BALB allele of Par2 reduces tumor multiplicity by about 50%. Quantitative trait loci with larger phenotypic eects would need even fewer backcrosses and/or numbers of progeny derived from each recombinant. Furthermore, it is conceivable that, with some very eective loci, direct selection of recombinants after the ®rst backcross and production of moderate numbers of progeny could provide de®nite information on the genotypes of the recombinants and the ®ne position of the locus in question. This would substantially shorten the procedure of ®ne mapping a quantitative trait locus. Apparently, establishment of a full congenic strain may be only necessary for loci with minor eects.
The Par2 phenotype seems to be more or less aected by environmental factors, since its eect observed in the experiment of (A/J x N 5 A1)F 1 mice was slightly larger than in the ®ne mapping experiment. Actually, these two experiments were performed at dierent facilities. Although we are not able to specify the responsible environmental factors, two notable dierences in conditions can be pointed out. First, since we always used normal tap water for feeding, dierences in minor contaminants might exert an in¯uence. Second, the mean number of mice per area for the ®ne mapping experiment was twice as large as that for the (A/J x N 5 A1)F 1 experiment. This factor has been reported to in¯uence the development of spontaneous liver tumors in mice (Peraino et al., 1973) . In any event, such modi®cation of the gene eect indicates the possibility of disease prevention in populations with genetic predisposition to cancers.
With the (A/J x N 5 A1)F 1 mice, we found a sexual dierence in the Par2 eect. Mean tumor multiplicity in the BALB Par2-negative male mice was thus more than 1.5 times that in the BALB Par2-negative female mice. Such a dierence was not experienced when we performed linkage analysis of (A/J x BALB)F 1 x A/J backcross mice (Obata et al., 1996) . The discrepancy could be attributed to the C57BL background used for production of the semi-congenic mice, for we do not know whether A/J and C57BL Par2 alleles are identical. It can be assumed that the C57BL Par2 allele, unlike the A/J allele, has some weak suppressive eect speci®cally in females.
Recently, the Pas1 locus of the A/J mouse, a major determinant of sensitivity for mouse lung tumorigenesis, was also ®ne-mapped by two independent laboratories (Manenti et al., 1999; Wang et al., 2000) . Since the BALB Par2 has been shown to be a negative modi®er of Pas1 (Karasaki et al., 1997) , positional cloning of these loci should disclose molecular mechanisms of genetically controlled tumor sensitivity, resistance and their interaction. It should also contribute to ®nding clues for a fundamental strategy of cancer prevention in man, because mouse and human genes are highly syntenic.
Materials and methods

Animals
BALB and C57BL mice were purchased from CLEA Japan, Inc., (Tokyo, Japan) and A/J mice were obtained from SLC, Inc., (Shizuoka, Japan). They were fed on basal diet (CE-II; CLEA Japan) and allowed free access to tap water throughout the experiment.
Induction of lung tumors by urethane
Mice at the age of 6 weeks were injected i.p. with urethane (Sigma, St. Louis, MO, USA) dissolved in physiological saline at the dose level of 1 mg/g body weight. Four months later, the F 1 mice were sacri®ced under ether anesthesia and Figure 4 Detailed genotypic analysis of (A/J x recombinant)F 1 and (A/J x N 5 A1)F 1 mice. Out of 197 mice, eight mice recombined between D18Mit33 and D18Mit8 loci. Genotypes for paternal alleles of these recombinants are shown. Consequently, the physical order of seven microsatellites most tightly linked to the Par2 locus are as illustrated above. From the data obtained by detailed genotypic analysis of R 7 B7 and R 7 B10, whose paternal Par2 genotypes were proven to be C57BL by their progeny testing, the Par2 was concluded to be located within the region¯anked by D18Mit103 and D18Mit188. It was estimated to be 0.5 cM in length lung tumors visible under a dissecting microscope were enumerated. For each mouse, ear genomic DNA was extracted for genotyping of microsatellite loci by polymerase chain reaction (PCR).
Genotyping at microsatellite marker loci by PCR
Individual genomic DNAs were extracted from ear, tail or spleen by the standard protocol of proteinase K (Merk, Darmstadt, Germany) digestion followed by phenol-chroloform extraction and ethanol-precipitation (Lee et al., 1987) . Genotyping at microsatellite marker loci (Dietrich et al., 1994) was performed by PCR with the genomic DNAs as templates and primers purchased from Research Genetics (Huntsville, AL, USA), and acrylamide gel electrophoresis of the products as previously described (Lee et al., 1995) .
Production of semi-congenic mice for the Par2 locus Male BALB mice were mated to female C57BL mice and one male F 1 animal was backcrossed to female BALB mice to produce N 2 mice. Male N 2 mice were screened for genotypes at the D18Mit123 and D18Mit144 microsatellite loci, which ank the approximately 25 cM interval of the Par2. They were also genotyped for the D18Mit9 and D18Mit188 microsatellites located within the interval to reduce the risk of overlooking rare double recombinants. One male N 2 mouse heterozygous at all the four microsatellites was randomly selected and again backcrossed to female BALB mice to produce N 3 animals. This backcross-selection cycle was simply repeated six and seven times to obtain N 7 and N 8 animals, respectively.
Confirmation of the Par2 effect using a male N 5 mouse N 5 A1, a male N 5 mouse heterozygous within the Par2 interval used for subsequent backcross to female BALB mice for production of N 6 was also crossed with female A/J mice. The resultant male and female (A/J x N 5 A1)F 1 mice were treated with urethane and their lung tumor multiplicities were recorded. The mice were genotyped at the D18Mit188 locus considered to be tightly linked to the Par2. There are two possible genotypes at D18Mit188, i.e. A/BALB and A/C57BL. To con®rm the Par2 eects, it was statistically examined whether mice with the former genotype had a mean tumor multiplicity signi®cantly lower than that of mice with the latter genotype because of segregation of the Par2 alleles. Urethane-treated mice for this experiment were maintained in Asahikawa Medical College (Asahikawa, Hokkaido, Japan).
Fine mapping of the Par2 locus
From the N 7 generation, seven males (i.e. R 7 A1, R 7 A4, R 7 A9, R 7 B3, R 7 B6, R 7 B7 and R 7 B10) each carrying a recombination between the D18Mit123 and D18Mit144 loci were selected. Two such recombinants were also retained from the N 8 generation (i.e. R 8 A3 and R 8 B5). Their possible Par2 genotypes were BALB/BALB or BALB/C57BL. The nine recombinants were mated with female A/J mice and 21 ± 26 male progeny were generated for each recombinant, treated with urethane and their lung tumor multiplicities recorded. In cases for which the D18Mit188 microsatellite marker was informative, the urethane-treated mice were genotyped for the D18Mit188 locus. When the D18Mit188 marker was not informative, an alternative, informative marker closest to the D18Mit188 was chosen from the D18Mit123, D18Mit9 and D18Mit144 loci for genotyping. Possible genotypes at the marker locus for progeny from a recombinant were A/BALB and A/C57BL. If progeny with the former genotype had a signi®cantly lower mean tumor multiplicity than that of progeny with the latter genotype, the Par2 genotype of their recombinant father was concluded to be BALB/C57BL because of segregation of the dierent Par2 eects. If it was not the case, the recombinant's genotype was not statistically determinable, albeit it was consistent with BALB/BALB. Urethane-treated mice for this experiment were maintained in National Yakumo Hospital (Yakumo-cho, Hokkaido, Japan).
Statistical analysis
Statistical comparisons of mean tumor multiplicities were performed using the one-sided Mann ± Whitney U-test with the SPSS for Windows (R 10.0.7J) statistical analysis software. For linkage analysis, dierences were considered signi®cant when a P value of less than 0.01 was obtained, which has been proposed as a threshold for`con®rmed' linkage (Lander and Kruglyak, 1995) . Abbreviations C57BL, C57BL/6J; C3H, C3H/HeJ; BALB, BALB/cByJ; Pas1, Pulmonary adenoma susceptibility 1; Par2, Pulmonary adenoma resistance 2; PCR, polymerase chain reaction; A, A/J allele.
